
Capítulo 4

Remoción de bellotas de Quercus suber y Quercus canariensis: consecuen-
cias ecológicas del tamaño de semilla, de la cobertura vegetal y de la tempo-
ralidad en la caída de la bellota

Este capítulo reproduce el texto del siguiente manuscrito:

Pérez-Ramos, I.M., Urbieta, I.R., Marañón, T., Zavala, M.A. and Kobe, R.K. Seed removal in two
coexisting oak species: ecological consequences of seed size, plant cover and seed-drop timing.
Oikos (in review).

Resumen

La depredación y dispersión de semillas son procesos que influyen de forma crítica en la estruc-
tura y dinámica de las comunidades vegetales. Las diferencias que aparecen durante estas fases
tempranas entre las especies juegan un papel decisivo en los patrones de reclutamiento de las
especies forestales, que posteriormente pueden influir en la dinámica del bosque y determinar la
segregación de las especies en el paisaje, especialmente en ambientes heterogéneos como son
los bosques mediterráneos. Se estudiaron las tasas de remoción de bellotas colocadas experimen-
talmente sobre un suelo forestal para dos especies mediterráneas de Quercus, Q. canariensis
(quejigo moruno) y Q. suber (alcornoque), que coexisten al sur de la Península Ibérica. Se cons-
truyeron estimadores de máxima verosimilitud con el objetivo de explorar qué factores principales
ejercían mayor influencia en las probabilidades de remoción de bellotas y cuáles eran las funcio-
nes de respuesta específicas de cada especie a estos factores. Se diseñaron dos tipos de experi-
mentos para estudiar el efecto de las diferencias interespecíficas en la temporalidad en la caída
de la bellota: experimentos sincrónicos, donde las bellotas de las dos especies se colocaron en el
suelo al mismo tiempo, y experimentos diacrónicos, donde se simuló la fenología de cada especie
colocando las bellotas en diferentes tiempos coincidiendo con el momento de su dispersión natu-
ral. Se colocaron experimentalmente un total de 1.536 bellotas a lo largo de un amplio gradiente
natural de cobertura vegetal, y se monitorizó periódicamente su remoción durante tres meses en
dos años consecutivos, en los que la producción natural de semillas de las dos especies y por
tanto la disponibilidad natural de bellotas en el suelo varió enormemente. La probabilidad de remo-
ción de las semillas de las dos especies se incrementó con la cobertura vegetal (LAI, leaf area
index). Las diferencias en las tasas de remoción entre las dos especies fueron mayores en las
zonas abiertas pero las tasas se igualaron en los microhábitats cubiertos, especialmente en un año
no vecero. A pesar de que la caída de las bellotas de alcornoque es más tardía, sus bellotas fue-
ron removidas más rápidamente y en mayor proporción que las bellotas de quejigo. Esto puede
deberse al mayor tamaño de las bellotas de alcornoque, ya que al exponer semillas de las dos
especies de similar tamaño y al mismo tiempo, las diferencias en las tasas de remoción entre las
dos especies desaparecieron. Las diferencias entre las especies en la remoción de semillas debi-
das a la variabilidad de tamaños de semilla y a la heterogeneidad de los microhábitats a los que
llegan, pueden ser de gran importancia en la diferenciación de nichos de las dos especies de estu-
dio, y tienen importancia en la dinámica y composición de los bosques.
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Abstract

Seed predation and dispersal critically influence plant community structure and
dynamics. Inter-specific differences arising at these early stages play a crucial role on
tree recruitment patterns, which in turn could influence forest dynamics and species
segregation in heterogeneous environments such as Mediterranean forests. We
investigated removal rates from acorns set onto the ground in two coexisting
Mediterranean oak species - Quercus canariensis and Q. suber - in southern Iberian
Peninsula. We developed maximum likelihood estimators to explore the main factors
controlling probabilities of seed removal and to describe species-specific functional
responses. To account for inter-specific differences in seed-drop timing, two
experiments were established: a simultaneous exposure of acorns of the two species
(synchronous experiments) and a seed exposure following their natural seed-drop
phenology (diachronic experiments). A total of 1536 acorns were experimentally
distributed along a wide and natural gradient of plant cover, and removal was
periodically monitored for three months at two consecutive years (with contrasting
differences in seed production and thus seed availability on the ground). The
probability of seed removal increased with plant cover (leaf area index, LAI) for the two
oak species. Inter-specific differences in acorn removal were higher in open areas and
disappeared in closed microhabitats, especially during a non-mast year. Despite later
seed-drop, Q. suber acorns were removed faster and at a higher proportion than those
of Q. canariensis. The higher probability of seed removal for this species could be
attributed to its larger seed size compared to Q. canariensis, as inter-specific
differences were less pronounced when similar sized acorns were exposed. Inter-
specific differences in seed removal, arising from seed size variability and microsite
heterogeneity, could be of paramount importance in oak species niche separation,
driving stand dynamics and composition along environmental gradients. 

Keywords: failure time analysis; forest structure; heterogeneity; Mediterranean forest;
seed dispersal; seed predation.



68

Capítulo 4

Differential species requirements during the
regeneration phase could contribute to species
coexistence in plant communities (Grubb 1977).
Differences between species can arise at any
stage of the regeneration cycle, including flower
fecundity and seed production, seed predation
and dispersal, and seedling establishment, mor-
tality and growth (Crawley et al. 1995). In large-
seeded species such as temperate oaks, the
seed-seedling transition plays a determinant
role on tree recruitment. Once seeds reach the
ground, a high proportion  can be removed and
consumed by predators, which usually transla-
tes into a major recruitment bottleneck for many
forest tree species (e.g., Crow 1992; Herrera
1995; Santos and Tellería 1997; Gómez et al.
2003). Moreover, not all removed seeds are
necessarily eaten, and the small proportion of
acorns which are buried and not recovered by
these animals (especially birds and rodents),
acting as secondary dispersers, might be cru-
cial for tree population dynamics (Díaz 1992;
Gómez 2003; Purves et al. 2007). Therefore,
inter-specific differences in this early phase can
be critical for understanding initial tree recruit-
ment patterns, which in turn largely drive forest
composition and dynamics (e.g., Pacala et al.
1996; Zavala et al. 2000; Zavala and Zea 2004).

Differential preferences by seed predators and
dispersers and how these preferences are
influenced by environmental conditions could
impact seed removal and thereby tree recruit-
ment patterns. First, species-specific seed pre-
ferences could respond to differences in intrin-
sic traits of seeds, such as size, seed-coat
thickness, content of defensive compounds or
nutritional value (e.g., Robbins et al. 1987;
Cipollini and Stiles 1991; Ganeshaiah and
Shaanker 1991; Shimada and Saitoh 2003).
Seed size has been attributed as one of the
main characters affecting seed removal rates.
All else being equal, larger seeds should expe-
rience greater predation than smaller seeds,
since larger food items offer more energetic

return for foraging effort (Janzen 1969; Harper
1977; Gómez 2004). On the other hand, larger
seeds tend to have an increasing probability of
being harvested and dispersed further away
from the parent tree, thus with a positive effect
of size on dispersal (see Jansen et al. 2004 and
references therein). Nevertheless, preference
by larger seeds is not an universal trend
(Brewer 2001). Some authors have documen-
ted a higher success in the seed-seedling tran-
sition for seeds of intermediate (Theimer 2003)
or smaller size (Brewer and Webb 2001), whe-
reas others have not found any effect of this trait
on seed removal rates (e.g., Xiao et al. 2004).
In addition, seed preferences are manifested
more strongly under higher seed abundance
(Brewer 2001; Jansen et al. 2004; Theimer
2005). Therefore, the effect of seed size and
how this trait influences the nature of plant-ani-
mal interactions appears to be influenced by
several factors, including the study system, tar-
get species, as well as other external factors
such as food availability. 

With respect to temporal variability, the predator
satiation (Janzen 1971; Silvertown 1980; Kelly
and Sork 2002) and animal dispersal hypothe-
ses (Ims 1990) suggest that the strong inter-
annual variability in seed production (i.e., mast
seeding; Silvertown 1980) commonly found in
oak species, is an evolutionary response direc-
ted to minimize seed predation pressure,
enhance success during seed dispersal and,
thereby, favour seedling establishment during
mast years (reviewed in Koening et al. 1994;
Abrahamson and Layne 2003). These hypothe-
ses could explain why coexisting species that
share generalist seed consumers show
synchronous masting (e.g., Schnurr et al.
2002). Since a species producing seeds out of
synchrony may experience a higher probability
of seed predation and a lower seedling recruit-
ment (Janzen 1971; Ims 1990; Curran and
Leighton 2000), even small inter-specific diffe-
rences in seed-drop times may have an impor-
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tant effect on the number of seeds that escape
predation and that are successfully dispersed.
However, the effect of among-species differen-
ces in the timing of seed-drop on the process of
seed removal has been poorly studied. 

Finally, seed removal can also vary spatially
because predator and disperser foraging is not
random (Clark et al. 1999; Jordano and Schupp
2000). Therefore, there may be a strong link
between microhabitat structure and seed remo-
val patterns, particularly in highly-heterogene-
ous landscapes such as Mediterranean forests
(Rey and Alcántara 2000; Kolb et al. 2007). 

In addition to the total number of seeds remo-
ved (either predated or dispersed), the rate at
which seeds are removed can influence suc-
cessful tree recruitment (Brewer 2001; Jansen
et al. 2004). If a seed is cached and not reloca-
ted (successful dispersal), a shorter time to
removal implies an earlier seedling emergence
in the new location, which it is a major determi-
nant of survivorship during the establishment
phase (Nicotra et al. 2002). Conversely, if the
seed is eventually consumed, the faster it is
removed the lower the chance of germinating
and emerging in the site where it was dropped,
and thus the lower the probability to be indepen-
dent from cotyledon reserves (Kennedy et al.
2004). 

In this study, we investigated inter-specific
variation in seed removal in two oak species -
Quercus canariensis Willd. (Algerian oak) and
Q. suber L. (cork oak) - in southern Iberian
Peninsula (Aljibe mountains). In these mixed
forests, acorn availability not only varies inter-
annually (seed masting), but also intra-annually,
due to small phenological differences in seed
production and dispersal between the two oak
species (Pérez-Ramos 2007). Q. canariensis
acorns are dropped in September-December,
whereas Q. suber acorns during October-
February. Temporal variation in seed availabi-
lity, which is generally lower in early autumn,
could influence species preferences shown by
acorn consumers. Accordingly, Q. suber acorns

may be exposed to a lower removal pressure,
but counteracting mechanisms, such as pro-
duction of larger or more palatable seeds, could
mitigate the potential effects of later seed-drop.
To account for differences in seed-drop pheno-
logy, two experiments were established: a
simultaneous exposure of acorns of the two
species (synchronous experiments), and a seed
exposure simulating their natural seed-drop
phenology (diachronic experiments) during two
consecutive years. Intra and inter-specific diffe-
rences were evaluated by calibrating maximum
likelihood estimators of acorn removal along a
wide gradient of plant cover and seed sizes.
Specifically, the main objectives were: (1) to
examine the effect of seed size and plant cover
on species-specific seed removal rates (both in
percentage of the total of exposed acorns and
taking into account their times to removal), (2)
to investigate inter-specific variation in seed
removal along gradients of these factors, (3) to
evaluate the importance of species differences
in seed-drop timing to removal rates, and finally
(4) to discuss the ecological implications of
these findings for forest stand dynamics and
species coexistence.

Material and methods

Study area and species 

The study was conducted in La Sauceda forest
(530 m above sea level, 36º31´54´´ N, 5º34´29´´
W), located in the mixed oak forests of the Aljibe
Mountains, near the Strait of Gibraltar, in sou-
thern Iberian Peninsula (see a detailed descrip-
tion of the experimental plot in Quilchano et al.
2008). The dominant bedrock in the area is
Oligo-Miocenic sandstone, with rugged terrain
and a highest peak of 1092 m a.s.l. The climate
is sub-humid Mediterranean, with mild and wet
winters, alternating with warm and dry sum-
mers. Annual mean temperature is 17 ºC, and
annual mean rainfall is 1265 mm (1985-2004
data from La Sauceda meteorological station).
Vegetation is dominated by evergreen cork oak
(Q. suber) forests, mixed with winter deciduous
oaks (Q. canariensis), which are more abun-
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dant near streams (Urbieta et al. in press). The
shrubby understorey is diverse and rich in
endemic taxa (Ojeda et al. 2000). Most of the
forested area has been protected within Los
Alcornocales (meaning cork oak forests)
Natural Park, covering about 1700 km2. Large
herbivores, such as red deer (Cervus elaphus),
roe deer (Capreolus capreolus) and free-range
cattle are abundant in this forest. 

The fruits (acorns) of oaks usually have a single
seed. Q. suber seeds are among the largest
from Mediterranean tree species. Its seed pro-
duction is restricted to the autumn/early winter
season (between October and February) and
there is strong inter-year variability. During the
two sampling years of study (2003/04 and
2004/05 cycles), Q. suber acorn production was
low (about 2.3 g/m2/yr) in the study area (Pérez-
Ramos 2007). Q. canariensis acorns are some-
what smaller than those of Q. suber, are drop-
ped earlier (September-December), and exhibit
strong inter-year variability in seed production;
in this case, estimates of acorn production in
the study area varied between 344.2 g/m2

(2003/04 cycle) and 54.1 g/m2 (2004/05 cycle)
(Pérez-Ramos 2007). Although most acorns in
both species are dropped onto the ground
(which can be considered dispersal by gravity),
a small number potentially could be dispersed
by animals, mainly birds (e.g., Bossema 1979;
Gómez 2003), rodents (e.g., Jensen and
Nielsen 1986; Pulido and Díaz 2005) and even
large insects such as dung beetles (Pérez-
Ramos et al. 2007).

Experimental design and data collection

During their period of peak seed production and
seed-drop (October-November for Q. canarien-
sis, December-January for Q. suber), we collec-
ted acorns under several trees of each oak spe-
cies to encompass intra-specific variation. We
selected healthy, normal-sized acorns and dis-
carded those infected by moth or beetle larvae
using a flotation method (Gribko and Jones
1995). Selected acorns were stored on a moist
vermiculite bed in plastic trays and kept at 2-4
ºC until their use in the experiment. Acorns were
individually marked with a small spot of paint,
and were randomly placed on the forest floor in
a total of 192 experimental units (minimum dis-
tance of 10 meters relative to one another),
evenly distributed along the vegetation cover
gradient (see below), and labelled with small
flags placed at half a meter distance to minimi-
ze attraction effects. Acorns were exposed on
the surface of the floor, simulating the most
common abiotic dispersal process (by gravity).

Experimental units spanned a wide and conti-
nuous gradient of plant cover, from open habi-
tats (up to 90 % full sun, and Leaf Area Index -
LAI - of 0.35), to deeper shade under shrubs
and trees (down to 5 % full sun, 4.00 LAI). Plant
cover was estimated by means of hemispheri-
cal canopy photographs taken in the centre of
each experimental unit in winter (December-
January), using a horizontally-levelled digital
camera (Coolpix 4500, Nikon, Tokyo, Japan)
with a fish-eye lens of 180º field of view (FCE8,

70

Capítulo 4

Table 4.1 Experimental design scheme for each sampling year.

2003-2004 2004-2005

Type of experiments DI (diachronic) DI and SYN (synchronous)

Censuses 24h, 7d, 15d, 30d, 60d, 100d 7d, 30d, 100d

Factors measured LAI LAI and seed weight

Qsub : 2.3 g/m2 Qsub : 2.3 g/m2

Qcan : 344.2 g/m2 Qcan : 54.1 g/m2 

Qsub : 5.96 ± 2.20 g; (2.31-17,27 g)

Qcan : 2.57 ± 1.03 g; (0.91-8.29 g)

Mean seed production 

Mean ± SD seed weight 



Nikon) (see details in Valladares and Guzmán
2006; Quilchano et al. 2008). We used
Hemiview Canopy Analysis software (Delta-T
Devices Ltd. 1999, v. 2.1) to analyse the images
and to calculate Leaf Area Index (LAI), which
was selected as the most representative mea-
sure of plant cover. Global Site Factor (GSF,
i.e., percentage full sun) and LAI were highly
correlated (r = -0.80, p<0.001). 

In order to evaluate the effect of seed-drop
timing on seed removal rates, two sets of expe-
riments were carried out: an exposure of seeds
simulating the typical phenology of each spe-
cies (diachronic experiments, DI) and a simulta-
neous exposure (synchronous experiment,
SYN) (see Table 4.1).

Diachronic experiments (DI)

During the peak seed-drop period of each spe-
cies, 576 acorns (including both species) were
placed during each of the two reproductive
cycles, 2003-2004 and 2004-2005 (hereafter DI
03-04 and DI 04-05), across 144 experimental
units distributed along a wide and continuous
plant cover gradient (see description above). Q.
canariensis acorns were first placed in mid
October (2003) or early November (2004), while
Q. suber acorns were exposed in the field in
early December (2003 and 2004) in neighbou-
ring units, so that there was no interference bet-
ween the two species. In each unit, four acorns
(without cupule) per species were placed on the
ground, in the corners of a 0.5 m2 quadrat. 

Units were periodically visited and acorns indi-
vidually monitored until there was no longer any
evidence of seed removal (approximately after
three months). On each visit, the status of the
acorn (unaffected, removed, or consumed in
situ) was recorded. During the first cycle, cen-
suses were carried out at 24 hours, 7 days, 15
days and then monthly (up to 3 months). For the
second cycle, three censuses were made, elap-
sing 7 days, 1 month and 3 months. This appro-
ach allowed us to calculate the time elapsing
until each experimental acorn was removed.

Those acorns remaining unaffected at the end
of the experiment were considered as right-cen-
sored data. Despite different start dates of
acorn placement for the two species, both of
them remained exposed to predators and dis-
persers for the same number of days (up to
100), providing comparable experimental treat-
ments. All experimental acorns, during the
second year, were individually weighed to the
nearest 0.01g. Mean ± SD (standard deviation)
acorn fresh weight (g) was: 5.96 ± 2.20 for Q.
suber (range of 2.31-17.27g, n=576) and 2.57 ±
1.03 for Q. canariensis (range of 0.91-8.29g,
n=576). Acorn fresh weight was used in the
analyses as a surrogate of seed size.

Synchronous experiment (SYN)

Acorns of the two species were placed in the
field simultaneously in a synchronous experi-
ment that was carried out in the second repro-
ductive cycle, during late November 2004
(hereafter SYN 04-05), following a similar expe-
rimental design. Acorns were experimentally
exposed when seed-drop periods of the two oak
species overlapped, in order to test whether
animals preferred one of the species, excluding
the effect of differential seed-fall phenology.
Moreover, in this case, acorns of similar mass
(i.e., within the same range of seed sizes) were
selected for both species in order to remove any
possible seed size effect on animal selection.
Acorns of both species were mixed and placed
at the same time across 48 dispersal units, dis-
tributed along the plant cover gradient, with four
acorns (two per species) intermixed on each
quadrat (total of 192 acorns). Three censuses
were made (after 7 days, 1 month and 3
months), recording the status of the acorn
(unaffected, removed or consumed in situ).

Data analysis

Using maximum likelihood techniques, we fitted
linear and non-linear models of acorn removal
for each species using two complementary
approaches. First, we considered a binomial
experiment with each independent trial resulting
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in just two possible final outcomes, i.e., seed
manipulated by animals (removed or consumed
in situ) or unaffected after three months of expo-
sure on the forest floor. Since only a small pro-
portion of acorns (below 10%) were consumed
in situ, hereafter we refer to manipulated seeds
simply as removed. Second, we conducted a
failure time analysis (Pyke and Thompson
1986) to evaluate explicitly the time elapsing
until a seed was removed. In both approaches,
the final (i.e., after three months of exposure)
removal probabilities were calculated for each
species. However, we will focus on the results
obtained by failure time analyses, which captu-
red biologically meaningful responses that were
masked by the binomial approach, particularly
when seed removal rates at the end of the
experiment were very high (see Appendix 4.1
for an explicit comparison of the two statistical
methods). Failure time analysis considered not
only the final "fate" of each seed (i.e., removed
or not), but also the time each seed remained
non-removed, thus providing greater temporal
resolution in removal rates which could be criti-
cal for the regeneration of these species. Since
most non-removed acorns germinated during
the census intervals, we considered the proba-
bility of surviving until germination. 

For each oak species, we specified the hazard
function as function of LAI and/or seed size
(both as continuous variables), fitting several
functional responses that covered a wide range
of forms: linear, exponential, power and logistic
(see Table 4.2 for equations). This modelling
approach is suitable to identify strategic axes
along which species differentiate (e.g., Pacala
et al. 1996; Kobe 1999). Specifically, removal
models along the plant cover gradient (LAI)
were developed for DI 03-04 and SYN 04-05
experiments. For DI 04-05, when individual
seed sizes were available, we specified remo-
val models as functions of LAI and seed size.

Models were parameterised with maximum like-
lihood (Edwards1992), using a simulating anne-
aling algorithm (Metropolis et al. 1953; Chib and
Greenberg 1995). To test for the influence of

predictors (seed size and LAI) in seed survival,
fitted models were compared to a null model of
no factor effect using Likelihood Ratio Tests
(LRTs) (Edwards, 1992). To analyze inter-speci-
fic differences, 95% support regions (equivalent
to 95% confidence intervals but used in con-
junction with likelihood methods) were also esti-
mated by the likelihood profile method (Hilborn
and Mangel 1997). When species-specific para-
meter 95% support regions did not overlap, dif-
ferences between species were considered to
have empirical support. Fitted models were
compared with Akaike's Information Criteria,
specifically AIC, which is defined for each
Modeli as: AICi - AIC minimum (Akaike 1992).
The model with the strongest empirical support
has the minimum AIC and thus, AIC= 0.
Models with AIC between 0-2 were conside-
red to have equivalent and substantial empirical
support, AIC between 4-7 indicated less sup-
port and models with AIC >10 were dismis-
sed as they had negligible empirical support
(Burnham and Anderson 2002). All the models
and numerical algorithms were implemented in
programs we wrote in C (Borland International
Inc. 1996 v.5.01).

Results 

Experimentally dispersed Q. canariensis and Q.
suber acorns experienced high removal rates in
both years of study. In all cases, the probability
of seed removal increased exponentially with
plant cover (LAI) and seed size for the two oak
species (Tables 4.2, 4.3, 4.4). Inter-specific dif-
ferences, however, varied among years and
between diachronic and synchronous experi-
ments (see below). 

Diachronic experiments (DI)

In the diachronic experiments (DI 03-04 and DI
04-05), Q. suber acorns had a higher removal
probability than Q. canariensis, despite their
later placement on the forest floor. In both spe-
cies, removal rates increased exponentially with
LAI according to best model fits (i.e., AIC=0)
(Tables 4.2, 4.3). This was especially noticeable
during DI 03-04, when both species markedly
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Note: Models are ranked from best to poorest fits. A and S are parameter estimates that maximized the likelihood
function, and Factori are the measured predictor variables for each acorn ‘i’. The hazard function can take different forms
as expressed in the equations below. LogLike. corresponds to the maximum log-likelihood: log(Lq|data, model). AIC
(Akaike's Information Criteria) is calculated as: AIC = -2log(Lq|data, model) + 2K, being K the number of parameters in
the model. Model fits are evaluated through loglikelihood ratio test (LRT, *p<0.05, **p<0.01, ***p<0.001) and AIC (AIC
i- AIC min). Bold font denotes models with equivalent empirical support (i.e., AIC<2). ∆ 

∆ 

Table 4.2 Maximum likelihood parameter estimates for acorn removal models of each species during DI 03-
04 (diachronic experiment).

DI 03-04 Factor Best fit A S Log.Like LRT (×2) p d.f AIC ?AIC
LAI Expon. 0.138 0.529 -391.4 24.9 *** 1 786.9 0.0
LAI Logistic -1.840 0.701 -393.0 21.8 *** 1 790.0 3.1
LAI Linear 0.121 0.134 -394.0 19.8 *** 1 792.0 5.1
LAI Power 0.262 0.583 -395.7 16.3 *** 1 795.4 8.6
Null model -403.9 809.8 22.9
Factor Best fit A S Log.Like LRT (×2) p d.f AIC ?AIC
LAI Expon. 0.139 0.975 -318.9 126.4 *** 1 641.8 0.0
LAI Power 0.421 1.313 -327.6 109.0 *** 1 659.2 17.4
LAI Linear -0.044 0.502 -330.1 104.0 *** 1 664.2 22.4
LAI Logistic -1.999 1.657 -338.5 87.2 *** 1 681.0 39.2
Null model -382.1 766.2 124.4
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Table 4.3 Maximum likelihood parameter estimates for acorn removal models of each species as function of
plant cover (LAI) and seed size, during DI 04-05 (diachronic experiment).
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DI 04-05 Factor 1 Factor 2 Best fit A S D Log.LikeLRT (×2) p d.f AIC ?AIC
LAI Seed size Expon.+ 0.292 0.687 0.095 -250.8 60.9 *** 2 507.7 0.0
LAI Expon. 0.366 0.702 -252.2 58.2 *** 1 508.4 0.7
LAI Linear 0.243 0.575 -259.2 44.2 *** 1 522.4 14.7
LAI Seed size Expon.* 0.586 0.764 0.177 -261.0 40.6 *** 2 528.0 20.3
LAI M.Menten 1.999 1.538 -268.2 26.2 *** 1 540.3 32.6
LAI Logistic -0.125 1.546 -275.6 11.3 *** 1 555.3 47.6
LAI Power -0.123 1.546 -275.6 11.3 *** 1 555.3 47.6
Seed size Expon. 0.628 0.160 -277.7 7.2 ** 1 559.4 51.7
Seed size Linear 0.592 0.143 -278.2 6.1 * 1 560.5 52.8
Null model -281.3 1 564.6 56.9
Factor 1 Factor 2 Best fit A S D Log.LikeLRT (×2) p d.f AIC ?AIC
LAI Seed size Expon.+ 0.581 0.415 0.043 -172.1 47.1 *** 2 350.1 0.0
LAI Expon. 0.757 0.410 -173.2 44.9 *** 1 350.4 0.2
LAI Seed size Expon.* 0.906 -0.079 -0.61 -174.7 41.8 *** 2 355.4 5.2
LAI Linear 0.867 0.371 -177.0 37.2 *** 1 358.0 7.9
Seed size Expon. 1.123 0.034 -182.3 26.7 *** 1 368.5 18.4
Seed size Linear 1.113 0.045 -182.3 26.6 *** 1 368.7 18.5
Seed size M.Menten 1.212 -1.999 -184.0 23.3 *** 1 372.0 21.8
Null model -195.6 1 393.2 43.1
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Note: Models are noted and evaluated as in Table 4.2 and ranked from best to poorest fits. A and S are parameters
estimates that maximized the likelihood function. D is the estimated parameter when Factor 2 was added to the functional
response that yielded the best fit when evaluated singly. Additive interactions between two factors are noted as (+) and
multiplicative as (*).
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differed along most of the plant cover gradient,
with an overlap of 95% support regions just in
the extremes of the LAI gradient (Fig. 4.1). 

In open areas (low LAI), the two species had
similar removal probabilities (p=0.4-0.5). For
intermediate values of plant cover, Q. suber
acorns always experienced higher removal
rates than Q. canariensis, whereas in more sha-
ded areas (with denser vegetation) acorns of
both species were virtually all removed. 

During DI 04-05, seed removal rates were hig-
her than in the previous year for both species
(final mean removal of 93%). Again, seed remo-
val rates varied with LAI, which had the stron-
gest empirical support for inclusion in the
models (Table 4.3). Removal increased with LAI
for both species, and reached values close to
one along a large part of the plant cover gra-
dient. Only in the most open areas (with low
LAI), did seeds have some chance to escape
from animals, especially those with a smaller
size (Fig. 4.2a), as indicated by the best-sup-
ported models ( AIC= 0) for both species
(Table 4.3). 

For a mean value of seed weight (i.e., 5g), Q.
suber acorns had higher removal probability
along the plant cover gradient than those of Q.
canariensis, although inter-specific differences
were only noticeable for very low values of LAI
(Fig. 4.2b). In these open areas (i.e., LAI=0.5),
probability of seed removal also increased with
seed size in both oak species, with a more pro-
nounced effect for Q. canariensis (Fig. 4.2c). Q.
canariensis acorns (range of 0.9-8.3 g) were in
general smaller than those of Q. suber (2.3-17.3
g), and overall had a lower removal rate.
However, in the common interval of acorn size
for both species (2.5-8 g), the 95% support
regions overlapped and thus, species did not
differ (Fig. 4.2c). 

∆ 
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Figure 4.1 Models resulting in the best fit for acorn removal
along a plant cover gradient (expressed by Leaf Area Index,
LAI), with 95% support regions, during DI 03-04
experiment. Final seed removal probabilities (after three
months of exposure on the forest floor) increase differently
with LAI for both oak species.

SYN 04-05 Factor Best fit A S Log.Like LRT (×2) p d.f AIC ?AIC
LAI Expon. 0.4934 0.5826 -79.10 11.4 *** 1 162.2 0.0
LAI Linear 0.5515 0.4272 -81.09 7.5 ** 1 166.2 4.0
LAI Power 1.0077 0.4503 -82.60 4.4 * 1 169.2 7.0

Null -84.82
Factor Best fit A S Log.Like LRT (×2) p d.f AIC ?AIC
LAI Expon. 0.7432 0.3801 -68.67 9.7 ** 1 141.3 0.0
LAI Linear 0.7890 0.3580 -69.39 8.3 ** 1 142.8 1.4
LAI Power 1.1901 0.2898 -70.30 6.5 * 1 144.6 3.3

Null -73.55
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Table 4.4 Maximum likelihood parameter estimates for acorn removal models of each species along the plant
cover gradient, during SYN 04-05 (synchronous experiment) using failure time approach.

Note: Models are ranked from best to poorest fits and evaluated as in Table 4.2.

∆ 

∆ 



75

Figure 4.2 (a) Models resulting in the best fit for acorn removal as function of plant cover (Leaf Area Index, LAI) and seed
weight (g), with 95% support regions, during DI 04-05 experiment. Final seed removal probabilities increase with LAI and
seed weight for both oak species. Notice different scales in the axes. (b) Inter-specific differences in removal probabilities
along the plant cover gradient for an average seed weight of 5g. (c) Inter-specific differences in removal probabilities as
function of seed weight for a given point of the plant cover gradient (LAI= 0.5).

(b) (c)

(a)
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Synchronous experiment (SYN)

The importance of seed size on removal proba-
bilities was supported by the synchronous
experiment, in which acorns of both species
with similar weight were exposed on the ground
at the same time. The two oak species expe-
rienced very high seed removal rates (approa-
ching 100%) with overlapping support regions
at all LAI values; thus, there were no differences
between them along the plant cover gradient
(Fig. 4.3). In this case, removal probabilities
also increased with LAI for both species (Table
4.4).

Discussion

Factors influencing intra- and inter-specific
differences in seed removal 

Our results show divergence in seed removal
rates for two co-occurring oak species. Despite
their later seed-drop, Q. suber acorns were
removed faster and with higher probability in
comparison with Q. canariensis ones. These
differences, however, varied among years and
along plant cover and seed size gradients. 

Seed removal was strongly affected by the type
of microhabitat where the acorn was placed,
highlighting the relevance of environmental
variables as mediators of plant-animal interac-
tions (Kolb et al. 2007). Probability of seed
removal increased under denser plant cover
(i.e., higher LAI values) for both oak species.
This positive relation is usually attributed to the
action of small rodents, which show a higher
activity in more closed microhabitats, where
they find more protection against their predators
(Kikuzawa 1988; Herrera 1995; Hulme and
Kunt 1999; Gómez et al. 2003).

Seed removal patterns of both species varied
between the two sampled years, likely arising
from variable acorn production between repro-
ductive cycles, which led to variable food
resources (acorns) for seed consumers on the
forest floor. During the first cycle 2003-04, the
estimated seed production (especially of Q.
canariensis) was very high. In the diachronic
experiment (DI 03-04), Q. canariensis acorns
(that were sown earlier) were removed less by
animals than those of Q. suber, along most of
the vegetation cover gradient. The high availa-
bility of resources (acorns) may have resulted in
seed-predator satiation (Janzen 1971; Crawley
and Long 1995; Wolf 1996) and species-speci-
fic seed preferences may have been more per-
ceptible (Jansen et al. 2004). In contrast, during
the second cycle (2004-05), estimated seed
production of both species was very low, and
removal probabilities of experimental seeds
approached 100%. Under food scarcity, animals
are usually less selective because they need a
greater percentage of seeds to build up enough
reserves for surviving the next season (Jansen
et al. 2002). In this case, inter-specific differen-
ces were only perceptible in open areas, where
rodents probably selected more attractive food
(Q. suber acorns) to compensate for the risk.

In the range of plant cover where inter-specific
differences were significant, Q. suber acorns
were always removed faster and at a higher
proportion than Q. canariensis acorns, indepen-
dent of seed availability on the forest floor. In
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Figure 4.3 Models resulting in the best fit for acorn removal
as function of plant cover (Leaf Area Index, LAI), with 95%
support regions, during SYN 04-05 experiment, where both
oak species´ seeds with similar weights were
experimentally dispersed at the same time.



fact, in another forest site within the study area,
Pérez-Ramos and Marañón (unpublished data)
also found a higher preference for acorns of this
species, even when the estimated seed produc-
tion of Q. suber was higher than Q. canariensis.
These results do not support the initial hypothe-
sis proposing a lower removal risk for Q. suber
acorns due to their later seed-drop phenology
and later availability for animals (assumed as
being satiated with the earlier available Q.
canariensis acorns), but instead suggest the
likely influence of other factors related to speci-
fic characteristics of Q. suber acorns.
Differences in seed removal between the two
oak species here seem to be mostly a conse-
quence of seed size variation. Overall, Q. suber
acorns were bigger than those of Q. canariensis
and this was probably the main cause of being
removed faster by rodents. Indeed, both in
synchronous and diachronic experiments, inter-
specific differences in removal rates were not
significant when a similar seed size range was
explored. Therefore, although seed removal
rate for Q. suber likely was reduced due to its
delayed seed-drop phenology, the higher size
of acorns makes them more attractive for ani-
mals than Q. canariensis ones. 

At the intra-specific level, the probability of seed
removal also increased with seed weight in both
species, consistent with previous studies (e.g.,
Moegenburg 1996; Gómez 2004; Jansen et al.
2004). However, the influence of seed size on
inter-specific differences contrasts with other
studies where this trait did not exert any signifi-
cant effect (Xiao et al. 2004), or the species was
the most influential factor on animal selection
(Hulme and Borelli 1999; Pons and Pausas
2007a, 2007b). In any case, differences in seed
quality between Q. suber and Q. canariensis
acorns, independently of size, should also be
investigated. Although a previous seed chemi-
cal analysis showed that nutritional content was
similar in acorns of both oak species (Pérez-
Ramos 2007), inter-specific differences in
defensive compounds (e.g., tannins), not yet
analysed, could play an important role
(Shimada and Saitoh 2003). 

Implications of seed removal for forest
stand dynamics

Seed removal of the two oak species - Q. cana-
riensis and Q. suber - was very high during the
two years of study. In just three months, a large
proportion of experimental acorns placed onto
the ground were removed by animals; thus,
seed-seedling transition could be an important
bottleneck in regeneration of the studied oaks,
as has been documented for other species
(Crow 1992; Herrera 1995; Santos and Tellería
1997; Gómez et al. 2003). A high proportion of
acorns removed by the different seed harves-
ters (mostly rodents) are relocated and eaten
later (Bossema 1979; Kikuzawa 1988; Iida
1996; Kollmann and Schill 1996). However, it is
likely that a small fraction escapes consump-
tion, in which case mice act as secondary dis-
persers (Jensen and Nielsen 1986; Pulido and
Díaz 2005). A similar interaction was documen-
ted for dung beetles (Thorectes lusitanicus) in
the same forest site; interestingly they bury but
do not always eat Q. canariensis and Q. suber
acorns (Pérez-Ramos et al. 2007). Thus, the
small proportion of buried, surviving seeds dis-
carded or forgotten by these scatterhoarder ani-
mals at safe sites might also be crucial for long
term viability of oak populations (e.g., Díaz
1992; Gómez 2003; Purves et al. 2007). The
outcome of plant-scatterhoarder interaction can
shift along a continuum from antagonistic (seed
predation) to mutualistic (seed dispersal) rela-
tions (Bronstein 1994), and this conditional
mutualism mostly depends on the relative abun-
dance of seeds versus that of scatterhoarders
(Theimer 2005). At low seed/scatterhoarder
ratios, rodents act mainly as antagonistic preda-
tors, whereas at high values (for example,
during mast years) rodents act more as disper-
sers and less as seed predators (Theimer
2005).

Since the main differences between the two co-
occurring species (among several regeneration
stages) were observed precisely during the
seed-seedling transition (Pérez-Ramos 2007),
our modelling approach could help elucidate
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how overall recruitment of both species varies
in the landscape. The ecological implications of
inter-specific differences for forest stand dyna-
mics and species coexistence will likely depend
on the nature of plant-animal interactions, which
are partly determined by food (seed) availability
(Jansen et al. 2004), and environmental hetero-
geneity of the particular site. Accordingly, during
a year of low seed production (such as 2004-05
in the study area), most removed acorns are
likely consumed later and then Q. canariensis
could gain an advantage over Q. suber and
even replace it in certain microhabitats. In con-
trast, under high seed abundance (such as
2003-04) greater food availability likely satiates
seed predators (Janzen 1971; Silvertown 1980;
Kelly and Sork 2002), and a larger proportion of
removed acorns are cached and probably not
relocated later (successful dispersal). In this
situation, Q. suber could be favoured over Q.
canariensis due to the fact that their acorns are
clearly preferred by animals (potential disper-
sers) as a consequence of their bigger size. 

It is important to highlight that the differences
found between the two oak species were con-
sistent across most of the plant cover gradient,
especially during mast years. However, in more
closed microhabitats located under several
shrub and tree layers, seed removal was very
high for both species (probably also predation
rates) and, combined with the strong light limita-
tion for emerged seedlings, almost no recruit-
ment will be expected in that type of microhabi-
tat. These results are consistent with previous
studies (e.g., Pons and Pausas 2006) but con-
trast with the documented effect of shrubs as
protectors of tree seedlings from herbivores
under Mediterranean conditions (Gómez 2003;
Castro et al. 2004; Pulido and Díaz 2005). On
the contrary, the probability of seeds escaping
from animal removal was higher in open micro-
habitats for both oak species, but conditions for
seed germination and establishment of see-
dlings were less suited in this type of microhabi-
tat, due to soil waterlogging during the wet sea-
son (chapter 5, Urbieta et al. unpublished).

Thus, there seems to be a conflict between
demographic stages (sensu Schupp 1995);
microhabitats with a low removal risk for seeds
may exhibit less favourable conditions for sub-
sequent    seedling recruitment, and vice versa.
Therefore, spatial patterns of seed removal, as
a result of the activity and habitat use of seed
predators and dispersers, as well as their prefe-
rences for acorns of certain species, may have
strong influence on tree regeneration and
landscape forest dynamics (López-Barrera et
al. 2005; Purves et al. 2007). Biotic and abiotic
factors may operate synergistically to result in
critical seedling recruitment episodes.
Understanding how feedbacks between rodent
abundance, seed production, disturbances and
rainfall variability modulate tree recruitment are
critical to developing realistic and mechanistic
models of forest dynamics under Mediterranean
conditions. 
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Appendix 4.1

Binomial vs. failure time analysis

From a statistical point of view, this study could be used as an interesting example of the compari-
son between two common types of analyses applied in seed removal studies. Most studies only
consider the final seed removal rate, treating the dependent variable as a binomial, i.e., with each
independent trial resulting in just two possible final outcomes: a seed manipulated by animals or
unaffected. However, the inclusion of survival times can provide more relevant information, as
documented in the present case study. Failure time analyses allowed us to detect the effect of LAI
and seed size, which remained masked by using the binomial approach (Fig. 4.4). This was espe-
cially noticeable in those situations where the overall seed removal was very high, such as in DI
04-05, when resource availability was scarce and likely seed consumers density very high.
However, seed survival times statistically differed as function of seed size and depending on where
seeds were dispersed (plant cover). This could have important implications if we treat species
recruitment as a dynamic process, in which the time elapsing from seed dispersal until the seed is
removed by animals can affect its capacity to establish as a seedling (see Introduction section for
the importance of time to removal, and Data analysis section for statistical details of both methods).

Figure 4.4 Models resulting in the best fit for seed removal of both species, Q. canariensis (a) and Q. suber (b), during DI
04-05. Notice different scales in the axes. Binomial and failure time approaches are compared. No effect of seed size nor
LAI were captured when assuming a simple binomial, whereas introducing "survival times" we observed that in open areas
(low LAI) seeds "survived" longer without being manipulated by seed predators or dispersers (especially smaller ones), with
important ecological consequences for tree recruitment.
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